Fibre-reinforced polymer (FRP) profiles, with their low density, high durability, and ease of construction, are particularly suitable for the retrofit of traditional masonry structures, particularly historic constructions in seismic zones. However, a critical aspect of this new technology application is the connection between FRP profiles and masonry walls. So far, no research studies are available on this subject. e authors carried out a preliminary experimental campaign on different connection systems between masonry and pultruded glass-fibre-reinforced polymer (GFRP) profiles. e note presents the immediate results of this study, focusing on the performance and collapse mechanisms; the study may contribute to the development of an effective connection system between masonry and FRP profiles to be adopted in the retrofitting of existing building with juxtaposed FRP frames.
Introduction
e rehabilitation of traditional masonry buildings deserves the greatest attention in earthquake sensitive regions and brings on a high demand for advanced materials and techniques. Currently, steel frames are frequently employed as retrofitting works to increase the global strength of brickwork structures against seismic actions. ey may be placed inside or beside the walls and must be connected to the floor decks [1] . is kind of solution allows committing all or part of the loads applied after the retrofitting intervention to a new structural system, which transfers the stress to the foundations autonomously [2] . However, in the perspective of sustainability, the cost and weight of steel and the need for maintenance may become critical issues. A possible solution may be the use of pultruded fibrereinforced polymer (PFRP) profiles instead of steel ones. Compared to traditional materials like wood, steel, and aluminium, FRP composites show significant advantages, mainly due to the high strength and low density (meaning lightweight structures and quick and easy construction and reduction of working cost) and the high resistance to environmental actions.
e latter can give FRP composites superior durability and reduced need for maintenance, favouring a long service life and the possibility of complete cost recovery. On the other hand, the disadvantages of FRP materials lie mainly on the production cost and environmental footprint [3] . As well, we lack design codes and longterm data which can validate predictions about durability of FRP structures in real working conditions [4] ; finally, FRP's brittle behavior, high shear deformability, and vulnerability to fire and ultraviolet radiation are disadvantageous aspects. Nonetheless, available studies confirm that FRP structures could achieve relevant sustainability goals; a significant example is the Aberfeldy footbridge, whose structural performance has not significantly declined 20 years after construction [5] . Sustainable construction with FRP is possible especially thanks to the immunity to electrochemical corrosion [6] , meaning also superior performances in chlorine-affected environment if compared to steel [7] . Current research concerns the impact of loads and environmental factors on FRP structures' and retrofits' durability [8] . Moisture and contact with water, by damaging mainly the matrix, lead to decrease in tensile strength although effects are reversible [9] ; gel-coating was developed to prevent moisture-induced damage. Long-term exposure to high temperatures (60-70°C) can induce permanent chemical alterations leading to internal cracking and strength reduction [10] , due to the proximity of glass transition temperature (e.g., 130-170°C for epoxy). ermal cycles cause stress reversal which lead to superficial cracking; freeze-thaw cycles can be more dangerous, although some studies have revealed a minor or no impact on the composite's mechanical properties [11] . e creep strain induces increment in deflections of FRP pultruded beams and a significant reduction in their buckling strength [12] . On the other hand, the excellent resistance of FRP composites to fatigue phenomena under moderate cyclic loads was enlightened [13] . Finally, the dynamic behavior of pultruded FRP structures and subparts is studied especially in view of FRP composites' application to constructions in seismic zones, favoured by the low density and high strength; while seismic design codes generally do not account for the use of brittle materials, the overall concept and design of the structure can ensure the required ductility [14] .
Currently, the main fields of use of FRP pultruded profiles in construction are hybrid construction systems (e.g., concrete-filled FRP tubes), hybrid concrete-FRP bridges, and all-FRP bridges and footbridges (truss, cablesupported, girder + deck, or FRP deck only). On the other hand, strengthening techniques combining pultruded FRP profiles and masonry structures have not yet been explored in theory nor in practice.
e use of pultruded FRP frame systems for the refurbishment of buildings-as a possible alternative choice to traditional steel or aluminium frames-shows great potentiality still to be fully exploited. Some remarkable case studies in Italy demonstrate the optimum choice of FRP pultruded profiles instead of steel for the strengthening of historic structures, i.e., the Paludo Bridge in the damp and salty environment of the Venice lagoon [15] and a wooden floor deck of a heritage palace in Spoleto [16] . Also, numerical simulations are helpful in understanding the feasibility and usefulness of FRP replacing steel; for instance, Casalegno and Russo [17] have pointed out that braced steel frames show higher ductility and stiffness than FRP ones, but FRP moment frames can have a similar stiffness and a higher ultimate capacity than analogous steel ones.
As the wall-frame connections are certainly a critical aspect in traditional metallic frames, this would certainly become even more important for FRP in consideration of its particular features, such as the anisotropic behavior and the sensitivity to stress concentrations that may lead to local failure. e authors are currently developing studies on adhesive connections [18] ; many studies have been accounting for the analysis of connection systems between steel profiles and masonry walls [19, 20] . Several studies have been also carried out on FRP strips mechanically fastened to concrete or wood members [21] [22] [23] [24] . Nonetheless, no study has analyzed yet the behavior of bolted connections between PFRP profiles and masonry, and the present research is thus a first experimental investigation on this subject. Tests were carried out on different connection systems, as described in the following, in order to evaluate their performance and to analyze the collapse mechanisms. Finally, finite element (FE) analyses helped clarifying the failure behavior and strength hierarchy of the tested samples and checking the possible behavior of the connection at a larger scale. e study may contribute to the development of an effective connection system between masonry and FRP profiles to be adopted in the retrofitting of existing building with juxtaposed FRP frames.
e physical form of samples and kind of tests were motivated by previous numerical modelling, based on a global [25] and local approach [26] . e global approach, meaning the whole wall + frame system, highlighted the cracking of the masonry adjacent to rigid wall-frame connections as the first sign of damage under increasing top horizontal displacement, assuming that the connections are very rigid; the latter, because of the model's scale, is not modeled in detail (Figure 1 ). e detailed analysis developed thereafter accounted for a joint consisting of a FRP profile glued to a FRP plate bolted to masonry ( Figure 2 ). e results pointed out that the principal stresses are more than ten times higher in the FRP plate than in the masonry. Nevertheless, the values of the principal stresses in the masonry in the region near to the steel bars are significantly higher than the material strength, so damage may be expected in the masonry around the bars.
Materials and Methods
e tested samples were made of a masonry block of dimensions 25 × 25 × 18 cm, consisting of three layers of two bricks and general purpose lime-based mortar arranged in an English bond pattern, two 152 × 43 × 9.5 mm GFRP pultruded channel profiles and steel threaded bars. e six blocks were built directly in laboratory, with class M2.5 mortar prepared for the purpose with a ca. 23% water volume fraction; the bricks were properly moistened just before being assembled, to avoid the development of cracking at brick-mortar interfaces while the mortar was drying. e vertical joints were filled with mortar as well. e samples were stored indoor at room temperature (i.e., 12-17°C) for 28+ days. At the same time, the pieces of the FRP profile were cut with a buzz saw, their ends were rectified with sandpaper and the necessary holes were bored; finally, the glued joints between profiles and plates for samples 1a and 1b were made. After the curing period, the masonry specimens were perforated with a drill, and the samples were finally assembled by inserting the steel bars.
is assembly simulates the junction of internal and external GFRP frame retrofits to a masonry wall. Being designed to avoid the instability of GFRP profiles, the samples underwent a vertical load up to the failure of the masonry-GFRP joint. Specifically, three joint configurations were tested, i.e., six tested samples as described in Table 1 and shown in Figure 3 . Table 2 lists the material characteristics of the FRP profiles, FRP laminated plates, masonry, and epoxy adhesive.
e producers provided the properties of the FRP profiles and plates, of the adhesive and of the mortar, while those of the masonry blocks were obtained from previous experimental tests carried out at the same laboratory on wallettes e FRP pultruded pro les are bonded to FRP laminated plates by an epoxy adhesive thin layer (ca. 0.5 mm). e two plates are tied together at opposite sides of the masonry block by one threaded steel bar passing through the block. Nuts and washers are also placed to tighten the joint e FRP pultruded pro les are directly connected to the masonry block at opposite sides by two independent threaded steel bars whose length is about half the thickness of the block. Nuts and washers are also placed to tighten the joint ). e samples were put to the tests as shown by Figure 4; i.e., the stress state in the joint was induced by a vertical compressive load acting on the top face of the masonry block. e tests were performed under displacement control; the recorded values refer to the vertical displacements of the machine's upper platen, measured by the incorporated transducers. e apparel is a Dartec universal testing machine with a capacity of 1200 kN. Before the test, the specimens were applied a confinement pressure of 0.6 N/mm 2 by means of steel plates tightened together on the top and under the bottom surface of the block. A calculated weight put on the top plate induced the desired compressive stress in the block; then the plates were bolted to each other to keep the vertical strain of the block as it was under the pressure.
is stress state is typical for brick masonry in working conditions. e confinement system is visible also in Figure 4 . Rigid steel contrast plates, 4 cm thick, are placed between the machine and the sample. Rubber sheets 1 cm thick are placed between the masonry block and the confinement plates in order to guarantee a uniform distribution of the load, preventing stress concentrations that may induce local failure at the top of the masonry block or at the base of the GFRP profiles.
e samples were also designed to prevent instability of the GFRP profiles.
Results and Discussion

Experimental Results.
e most relevant results, i.e., the load and displacements at first and maximum peaks, are listed in Table 3 . e experimental load-displacement curves relative to the different tested samples are plotted in the graph in Figure 5 . e phase of settlement of the upper plate (which was very short thanks to the adopted measures for stress distribution) was subtracted from the loaddisplacement paths.
Samples 3a-b (two independent steel bars connecting the FRP profiles directly to the masonry block) gave the lowest peak load, about 9.5 kN. e flexural strain in the steel bars, which entered the plastic phase, triggered the cracking of the surrounding masonry, which was the cause of collapse. Before the highest value, sudden drops of the load were recorded due to the occurrence of vertical cracks in the masonry block (Figure 6(a) ). In sample 3a, this happened for a very low applied load (Table 3) . Both are the sign of the first development of cracking inside the masonry block around the bar. Finally, the GFRP profile showed no appreciable damage at the edge of the hole (Figure 6(b) ).
Samples 2a-b (profiles connected directly to masonry with one passing-through steel bar) performed the best, reaching values of the peak load of about 30 and 19 kN, respectively, and much larger displacements than 1a-b. As for samples 3a-b, the flexural behavior of the bar triggered the collapse mechanism by initiating the cracks in the masonry around the plasticized steel bar.
Samples 1a-b (continuous steel bar and profiles connected to FRP plates by epoxy adhesive) reached peak loads of 13-14 kN; the collapse was characterized by a very brittle mechanism, due to the shear failure of the adhesive (Figure 7) . In this case, as well, the presence of peaks revealed that the cracking of the masonry block preceded the final collapse and the GFRP profile remained undamaged.
Numerical Analysis of the Experimental Behavior.
e observed experimental behavior was analyzed with nonlinear FEM analyses, to explore the collapse mode and stress distribution in a detailed way. First, a 2D model of the tested specimen was constructed, featuring the actual load and constraint conditions; then, a 3D simulation of a 116 × 116 × 25 cm wallette with and without a single-strut PFRP strengthening was set up (Figures 8 and 9 ). e latter analysis had the aim to clarify if the same experimental behavior could show up also at a larger scale and the possible strength increase and/or change in failure mode after the strengthening. e FEM simulations were carried out with DIANA 9.6 software; all the models were based on the same modelling scale, i.e., the masonry components were represented separately, and interfaces laid between the steel bar and the masonry as well as between the bar and the GFRP profile.
e 2D models could afford a high mesh density while maintaining a very short computational time. To account for masonry cracking, the bricks and joints were given nonlinear properties according to the orenfeldttype curves plotted in the graph of Figure 10 , representing a total strain-based cracking model. Finally, Von Mises failure criterion was adopted for steel and Hoffman plasticity (allowing for orthotropic behavior and different strength values in tension and compression) for the Pultruded FRP composite.
e bar-masonry and profilemasonry interfaces, with nominal thickness of 0.5 mm, avoided interpenetration of adjacent elements with different stiffness; they were given normal and tangential elastic stiffness proportioned to the elastic moduli of the facing materials, and the possible friction or bond-slip mechanisms were not accounted for. e 2D analysis accounted for the two cases without the plate, i.e., the masonry-PFRP connection with one bar and with two independent bars (abbreviated, respectively, 2a-b and 3a-b throughout the tests, as well as 1bar and 2-bar in the FE analyses). Table 4 lists the main results of the 2D analyses. e maximum load is lower (−40%) for the 2-bar model, as it happened in the experimental cases (−63%). e models can also reproduce the experimental failure modes as shown by the graph of Figure 11 and the crack pattern plots of Figure 12 . e 1-bar model undergoes bar yielding at nearly 50% of maximum load, then masonry tensile cracking below the plasticized bar at the subsequent load increment, and finally masonry crushing at the peak. In the other model, the two bars attain a little more than 50% of the yielding stress and their displacements inside the masonry block lead to concentration of damage in the central lower zone. In both models, the involvement of the GFRP profiles in the stress sharing is negligible, as it appeared to be in the tests. e main difference between the experimental graphs and numerical simulations lies in the displacement magnitude; it may be explained because the experimental displacements of Advances in Civil Engineering 6 Advances in Civil Engineering 
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e brickwork texture was represented in consideration of the model's scale to account for material's orthotropy.
e mesh density was lower than the 2D models, to get a good compromise between accuracy and computational time. We applied energy convergence criterion, with tolerance norm 10 . A horizontal load was applied at the top short edge of the wallette in order to make the PFRP pro le work as a strut; a constant vertical load of 0.6 N/mm 2 as in the tests was also accounted for. e analyses' output is summarized in Figures 13 and 14 . e maximum load capacity and the displacements are almost the same in both cases. Figures 13(a) and 13(b) shows the contour plots of the maximum principal stress σ 1 in the wallette at the peak load step. In the strengthened model, cracks rst appear around the connection bars (Figure 13(a) ), but the stress state at failure in the wallette is similar to that of the unstrengthened condition, as well as the incipient rocking mode. e graph in Figure 14 enlightens the stress level (i.e., ratio of acting stress to corresponding value of strength) in the wallette, steel bars and PFRP pro le at increasing load rate (i.e., ratio of acting load to maximum load of the sole wallette). In opposition to the experimental and 2D FE model results, the stress rate of the steel bars remains low, because of the greater sti ness opposed by the masonry wallette. All the results show that the tested single-bar connection system would not grant an opportune exploitation of the PFRP strut as a strengthening member.
e results of the 3D analysis (wallette with barconnected PFRP single strut) seem to contradict the previous FE simulations (wall with PFRP moment frame strengthening, Figure 1) ; as in the latter system the load is e ectively transferred from the masonry to the frame and the mechanical performance is improved. is can be due to the combined behavior of frame members and to the Advances in Civil Engineering 9 assumption of very rigid connections, while the detailed 3D here presented reproduces the joint as it was in the physical model and in the 2D simulation. In both the models, the rst cracks develop around the connecting bars, and the failure mode of the masonry panel without strengthening (i.e., rocking) is the same in both the previous and the present models. us, the increase in sti ness of the strengthening system and connections will drive the next research steps, on a 116 × 116 × 25 wallette.
Conclusions
e rst experimental results here reported come from small samples, reproducing one single-bolted joint of a FRP pultruded pro le to masonry. e tests aimed at an insight on the elements of the joint, i.e., the steel bar, the hole in the FRP pro le, the hole in the perforated masonry, and possibly the FRP plate and the epoxy adhesive bonding.
(i) e use of adhesive joint between the GFRP pro le and the plate (type 1 samples) increases the elastic sti ness, but brings on a brittle collapse and lower load capacity than samples without interposed plate and adhesive (type 2). e type and role of adhesive might be worth reconsidering, for instance, in full adhesive masonry-PFRP joints, which would involve only shear transfer mechanisms. Such studies are now in progress at our laboratory. (ii) Connection type 2 (one bar only) is less sti but allows for higher loads and displacements than type 1. is seems promising, but the tests enlighten the predominance of bar's exural behavior; on the other hand, in actual frame-wall assemblies, we expect a predominant shear behavior in transmission of lateral forces [27] . us, a more complex physical modelling of the strengthening system is necessary. is can involve bigger samples (e.g., at the scale of the 3D simulation) under shear load and a multibar connection. (iii) Type 3 (two independent bars) shows lesser performance with sti ness similar to type 2 and maximum loads similar to type 1; consequently, type 3 will be discarded from the future programs of research. (iv) e nite element simulations of the tested samples can catch the actual failure mechanism, triggered by the plastic deformation of the bar under exural stress, which breaks the surrounding masonry. e 2D FE approach, which can also support increase in mesh density without too long computations, can thus be useful for the future research developments. (v) e 3D models of a 116 × 116 × 25 cm masonry wallette, with and without the single PFRP strut connected with the 1-bar system, con rm the ine ectiveness of the strengthening system at a larger scale than the tested model. Although in the 3D model the bars do not yield and reach the 25% of their strength, the cracking still begins at connection zones; however, the addition of the PFRP strut gives negligible increase in ultimate shear load and does not a ect the failure mode (i.e., rocking) of the wallette. us, the properties of PFRP pro les could not be exploited with this simple model. To this regard, the results, especially those of samples 1a-b, suggest investigating bolted connections without plates+adhesive and simple frame system instead of single struts. e exploitation rate in the GFRP elements, with respect to their axial capacity, will be paid particular attention in consideration of the risk of local buckling of compressed members.
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